[1] The Ganga River is one of the main conveyors of sediments produced by Himalayan erosion. Determining the flux of elements transported through the system is essential to understand the dynamics of the basin. This is hampered by the chemical heterogeneity of sediments observed both in the water column and under variable hydrodynamic conditions. Using Acoustic Doppler Current Profiler ( 
Introduction
[2] Rivers play a central role in Earth's physical and geochemical cycles. They redistribute mass and chemical elements across the earth surface by transporting the products of erosion to the oceans. Large rivers are also powerful basin scale integrators of the geochemical and physical continental processes [Holeman, 1968; Martin and Meybeck, 1979; Viers et al., 2009] . The analysis of suspended sediments carried by rivers is of prime importance as they provide insights into the physical denudation rates in the basin [e.g., Milliman and Meade, 1983] and the recycling of continental crust [e.g., Taylor and McLennan, 1985; Goldstein and Jacobsen, 1988] . Moreover, suspended sediments are complementary tracers to river-dissolved fluxes of continental silicate weathering rates and organic carbon burial [e.g., France-Lanord and Derry, 1997; Gaillardet et al., 1999; Gislason et al., 2006; Galy et al., 2007] .
[3] This work is an attempt to evaluate the average chemical composition of the sediments transported by the Ganga fluvial system (Figure 1 ). Ganga is one of the three main conveyors, with the Indus and the Brahmaputra, of the material eroded within Himalayan catchments and assessing the total flux of eroded material is crucial for the understanding of physical processes governing mountain growth and erosion [e.g., Willett, 1999; Avouac and Burov, 1996; Beaumont et al., 2001; Hodges et al., 2001] . The determination of the chemical composition of this eroded material is also important to quantify sedimentary and chemical budgets at the continental scale and to specify the role of Himalayan tectonics in the global long-term carbon cycle [e.g., Raymo et al., 1988; Edmond, 1992; France-Lanord and Derry, 1997; Galy and France-Lanord, 2001; Galy et al., 2007] .
[4] Very few studies have tried to assess the integrated annual composition of the sediments transported to the oceans. The mean chemical composition of large river sediments is often estimated through simple averaging of available data [e.g., Martin and Meybeck, 1979; Viers et al., 2009, and references therein] , which is highly dependent on sampling quality and strategy. The lack of knowledge of the exported chemical flux can be attributed to the difficulty to spatially and temporally average highly heterogeneous properties such as the sediments' composition in a given large river channel. Since it has been recognized that surface samples are not representative of the whole water column [e.g., Curtis et al., 1979] several studies have used depthsampling methods to reveal spatial variability in sediment characteristics such as grain-size and chemical composition [e.g., Horowitz and Elrick, 1987; Singh and France-Lanord, 2002; Filizola and Guyot, 2004; Galy et al., 2007; Bouchez et al., 2010 Bouchez et al., , 2011a Bouchez et al., , 2011b Bouchez et al., , 2011c . This variability is the result of hydrodynamic sorting through the combined effect of downward settling forces and upward turbulent forces exerted on the sediments which tends to enrich the bottom of the water column in coarse sediments while the surface is enriched in fine material.
[5] Building upon classical principles of suspension and transport we attempt to model the average grain size of the Ganga river sediment fluxes. The average grain size is then used to infer the chemical composition of the Ganga sediment flux and can be further used in geochemical budgets. Our approach is based on detailed sampling of Ganga sediments through the water column during monsoon season under variable river stage, combined with water velocity measurements.
Sampling Strategy and Analytical Methods

The Ganga Fluvial System
[6] The headwaters of the Ganga basin are mainly composed of major trans-Himalayan Rivers that produce most of the sediment load in the system. These rivers drain the four main geological units that extend along the entire Himalayan arc (from North to South: the Cambrian to Eocene marine sedimentary rocks of the Tethyan Sedimentary Series, TSS; schist and gneiss of the High Himalaya Crystalines, HHC; low-grade meta-sediments of the Lesser Himalaya, LH; and Tertiary molasse deposits of the Siwaliks [cf. Gansser, 1964; Le Fort, 1975] ). After more than 1000 km of transit through the Indo-Gangetic floodplain, the Ganga merges with the Brahmaputra in Bangladesh, to form the lower Meghna that flows into the Bay of Bengal. The Indo-Gangetic floodplain is the surface of a foreland flexural basin developed at the Himalayan subduction front and is filled by several kilometers of sediments eroded from the Himalayan range [LyonCaen and Molnar, 1985] . In the floodplain, the Ganga also receives contributions from rivers draining the Indian shield to the south of the Indo-Gangetic plain and part of the Deccan traps. The total drainage area of the Ganga covers 1.06 million km 2 of which 17% lies in the Himalaya, 35% in the Indian shield and 48% the Ganga plain [Rao, 1979] .
[7] The annual water discharge of the Ganga in Bangladesh (Harding Bridge) varies between 270 and 460 km 3 /yr with an average value of 352 km 3 /yr according to the Bangladesh Flood Forecasting and Warning Center (FFWC) and Water Resources Planning Organization (WARPO) hydrological data. The hydrograph is strongly influenced by monsoonal rainfalls (June-September), which account for most of the discharge. About 54% of the Ganga total discharge is derived from Himalayan catchments where precipitation is enhanced due to orographic effects while southern tributaries account only for 22% of the total discharge [Rao, 1979; Singh et al., 2008] . Sediment flux follows a pattern similar to that of discharge but with 95% of the suspended matter flux being transported during the monsoon period [Delft Hydraulics and Danish Hydraulics Institute, 1996; Islam et al., 1999; Islam and Jaman, 2006] .
[8] In order to document sediment quality and chemical composition as a function of hydrodynamic conditions, water velocity measurements and sediment sampling were performed on the Ganga in Bangladesh during the monsoon in 2002, 2004, 2005, 2007, 2008 and 2010 . The section sampled is located immediately downstream of Harding Bridge (N24.0641°, E89.0262°) near the Flood Forecasting and Warning Center hydrological station #90 (detailed map can be found in Figure A1 ). This section integrates all tributaries of the Ganga and is located ca. 80 km upstream of the confluence with the Brahmaputra (Figure 1 ). Depending on the water level, the width of the river ranged from 1 to 2 km and maximum depth reached 20 m.
ADCP Data Acquisition
[9] The velocity distribution in the water column was measured continuously during sediment sampling, except for the 2002 campaign, using Acoustic Doppler Current Profiling (ADCP: Rio Grande, RD Instruments, 1200 kHz) mounted to the side of the boat [e.g., Filizola and Guyot, 2004; Muste et al., 2004] . Velocity measurements were acquired every 1 to 2 s with a vertical resolution or bin size of 0.25 to 2 m depending on the instrument's configuration. Additionally, full river transects were recorded by crossing the river normal to the flow to measure total water discharge. During the 2007, 2008 and 2010 campaigns a GPS was used in combination with the ADCP to correct for possible moving bed bias. Moving bed bias occurs when the bottom detected by the ADCP is mobile, which tends to under-estimate the absolute water velocities [Callède et al., 2000; Muste et al., 2004; Kostaschuk et al., 2005; Gaeuman and Jacobson, 2006; Mueller and Wagner, 2007] . Before 2007, the velocity data were corrected for this bias. The correction is detailed in section (3.1.1). In 2010 the addition of a depth sounder (Tritech PA200) increased the bottom detection precision and improved the overall data quality.
Sediment Sampling
[10] Sampling was done near the deepest part of the main channel where water velocities are the highest. In 2005 an additional lateral sampling was done under slower water velocities (2005b), and in 2008 the Ganga was sampled 3 times, during yearly maximum discharge (2008a) and 15 and 30 days later, during falling water level (2008b and 2008c, respectively) . Although the sampling was systematically performed during the monsoon, the different sampling campaigns cover very contrasted hydrological regimes with discharges ranging from 3700 to 44800 m 3 /s, the later being close to maximum daily discharge of the Ganga (Figure 2) . Part of this sampling has already been used to estimate the flux and fate of particle organic carbon in the Himalayan basin [Galy et al., 2007 [Galy et al., , 2008a [Galy et al., , 2008b , to infer sediment transfer times using U-series disequilibrium [Granet et al., 2010] , to study mineralogical segregation in the water column [Garzanti et al., 2011] . [Ahmed and Karmakar, 1993] . Stars mark sampling dates and respective gauged water height of the Ganga. Measured ADCP water discharges are indicated when full transects were performed.
[11] Sediments were sampled at different depth in the water column for a single location and day. From a local boat, the point sampler was lowered while the engine was shut off allowing the boat to drift with the current during the time needed to recover the sample. The boat was repositioned to its original position before acquiring the next sample and this procedure was repeated until the whole water column had been sampled adequately ( Figure A1 ). Great care was taken to reposition the boat to the same location between each sample. These procedures were adopted for practical reasons even though it does not allow capturing the instantaneous sediment concentration distribution in the whole water column.
[12] The sampler used during the 2007, 2008 and 2010 campaigns is a horizontal Niskin type bottle comparable to those used on the Amazon by Filizola and Guyot [2004] and Bouchez et al. [2010] . It allows sampling of an approximate volume of ca. 5 L of water and consists of a plastic tube (id: ∼14 cm, L: ∼40 cm) open at both extremities and mounted on an aluminum frame. A weight of 20 kg is attached below the frame and a fin ensures that the sampler tube is kept horizontal and parallel to the streamlines. A pressure transducer attached to the frame of the sampler monitors its relative depth. Once the desired depth is reached both doors of the sampler are closed simultaneously using pneumatic actuators and the sampler is lifted back onboard. The sample is then transferred in a plastic container, paying attention to recover any particles left in the sampler. Prior to 2007 sampling was performed using a vertical bottle sampler that was submerged and opened at the desired depth. Comparative tests showed that both method yield similar samples.
[13] Additionally, sediments were sampled with greater vertical resolution near the bottom, at various places in the river channel in 2007 and 2008 to document near bottom suspended sediments. These samples were acquired using a triple sampler consisting of 3 horizontal 1L Niskin type bottles spaced by 0.5 m and all mounted on a rigid frame. The bottles are pneumatically closed when the sampling device hits the bottom, allowing sampling of suspended sediments at ca. 10, 60 and 110 cm above the bottom.
[14] Finally, bottom sediments ("Bedload": BL) were also dredged, when possible, at the same location as the vertical suspended load profiles using ca. 15 cm i.d. stainless steel tube that was lowered to the riverbed.
Chemical and Grain Size Analysis
[15] Within 12 to 48 h of collection, the sediment samples were first weighed and then filtered through 0.22 mm, 90 mm ø, Poly Ether Sulphone (PES) filters in a pressurized Teflon coated filtration unit. Until 2007 the sediments were removed from the filter using small amounts of pre-filtered river water and the sediment-water mixture was stored in tinted borosilicate bottles. In the lab these bottles were decanted during several days, the supernatant pipetted out and the remaining sediments dried at 50°C before being weighted. After 2007 the filters with sediments were stored in airtight polyethylene sample bags. In the lab the sediments were freeze-dried before being separated from the filter and weighted. No difference in chemical composition, grain-size or aspect was observed between the two methods described above. After drying, the sediments were gently disaggregated in an agate mortar, avoiding crushing and hence changing the grain size of the sample. During all these steps special care was taken to avoid any loss of material. The sediment concentration was computed by dividing the dried sediment weight by the corresponding amount of water recovered by the sampler.
[16] Major and trace element concentrations were measured by ICP-AES and ICP-MS at Service d'Analyze des Roches et des Minéraux (SARM -CRPG, Nancy-France) on bulk aliquots of ∼100 mg of sediment after lithium metaborate fusion [Govindaraju and Mevelle, 1987; Carignan et al., 2001] . Relative uncertainty for major elemental concentration is better than 2%. Calcite and dolomite content of the samples were measured manometrically on CO 2 released by H 3 PO 4 digestion of the bulk sample [McCrea, 1950; .
[17] Grain size analyses of the Ganga samples were performed at Laboratoire Environnement et Minéralurgie (LEM, Nancy-France) with laser diffraction sizers (Malvern Mastersizer and Sympathec Helos). Controlled ultrasonification achieved full disaggregation of the sample before analysis. Repeated analysis of identical sediment samples showed analytical reproducibility better than 10% on the modal grain size. We note that diffraction devices do not record any shape information of the particles making them poor predictors of settling velocities [McCave et al., 2006] . This does not change the conclusions of this work but should be kept in mind for further comparison.
Results
ADCP Measurements 3.1.1. Correction for Moving Bed Bias
[18] By comparing water velocities measured simultaneously, referenced to the bottom (BT mode) and to the GPS position (GPS mode) it is possible to infer the velocity of the moving bottom layer: v BL = v GPS − v BT [Callède et al., 2000; Rennie et al., 2002; Rennie and Villard, 2004] . ADCP data acquired in 2008 and 2010 shows that for large discharges and high water velocities, the bottom detected by the ADCP is moving (Figure 3 ). For depth-averaged water velocity smaller than 1.1 m/s no significant moving bed was detected but above this threshold the measured velocities in GPS mode are significantly higher than in BT mode showing that the detected bottom was moving. This apparent moving bed was estimated here to correspond to incipient sheet flow bed load transport (see Appendix B) and reaches up to 1.5 to 2 m/s. The empirical relation between depth-averaged velocity in BT and GPS modes deduced from the 2008 and 2010 ADCP data was used to correct ADCP data for which no GPS was used. This correction is significant for high water levels and leads to a 40% discharge underestimation if neglected.
River Velocity Profiles and Discharge
[19] Ganga water local velocities reach 4 m/s during peak flood (2008a) and drop to less than 1 m/s at lower water levels (2008c and 2010) (Figure 4 ). Our discharge measurements and samplings cover most monsoon stages of the hygrograph (Figure 2) , from rising water level to peak flood and falling water level. The maximum discharge of the Ganga was measured during august 2008 with a modulus of 44800 m 3 /s for a gauged water level of 13.8 m, consistent with the ∼46000 m 3 /s discharge deduced from the Bangladesh Water Development Board (BWDB) rating curve for the same water level.
Vertical Velocity Profiles
[20] ADCP measurements were used to document the local hydrodynamic conditions that prevailed during sediment sampling. To avoid the influence of local perturbations, the ADCP signal was averaged over 30 ensembles (40 to 70 m) to obtain a representative velocity profile for each sediment sample. A composite vertical velocity profile was then produced by stacking the individual velocity profiles of all samples composing the vertical profile ( Figure 5 and Table S1 in the auxiliary material).
1 The uncertainty is propagated from the standard deviation of all ensembles used for a sampled vertical profile and the uncertainty in the moving bed correction when applicable (see section 3.1.1).
[21] The hydrodynamic conditions prevailing during sampling can be determined through the shear velocity (u*) of the water column. Shear velocity is linked to the basal shear stress t 0 through u* = (t 0 /r) 1/2 , with r the fluid density. Here, u* is derived from the depth-average velocity u following equation (1) [Wilcock, 1996] , which was shown to yield a more precise estimation of u* from ADCP velocity data than unconstrained law of the wall fitting algorithms [Sime et al., 2007] :
with the von Karman constant (taken as 0.41, Garcia [2008] ), H the water depth (m) and e the base of the natural logarithms and z 0 the bottom grain-scale roughness. u is derived by fitting and integrating a power law over the velocity profile. A bed roughness of z 0 = 0.1·D 84 = 3.10 −5 m was used for this work based on average grain size of the dredged bed load samples [Whiting and Dietrich, 1990; Sime et al., 2007] . The measured depth-averaged velocities range from 0.5 m/s (08/07/2010) to 2.7 m/s (17/08/2007) which yields shear velocities from 0.017 to 0.09 m/s, respectively (Table 1) covering a large range of hydrodynamic conditions.
[22] By using (1) and the z 0 imposed by bed load grain size, we implicitly formulate that bed shear stress originates from grain scale roughness only, neglecting eventual bed form roughness. The Simons and Richardson [1966] diagram suggests that the high flow profiles mainly occur over an upper plane type of bed. Furthermore, no evidence of large bed forms was imaged by the ADCP (even if the ADCP beams are oriented at 20°from the vertical and average the bottom depth over ca. 25 m 2 for a 10 m water depth) or by the depth sounder used in 2010. Including bed form roughness would also lead to unrealistic u* and water surface slope to be able to reproduce the measured water column velocity. We however recognize that further high resolution imaging of the river bottom would be required to fully answer the bed form question, but so far no direct evidence of these effects have been found in our data. This observation does also not preclude the occurrence of bed forms in other less constricted reaches of the Ganga.
Suspended Load 3.2.1. Sediment Concentrations and Grain Size
[23] Total sediment concentrations are given in Table 2 . Among the different profiles, the sediment concentration is highly variable between 0.14 and 3.08 g.l −1 with a mean value of 1.25 g.l −1 . A systematic increase in sediment concentration toward the bottom is observed for all profiles with concentrations near the bottom 2 to 3 times higher than the surface. Sediment concentration at the surface varies from 0.14 g.l Water column mean velocity as measured simultaneously from bottom tracking mode (BT) of the ADCP (assuming fixed river bottom) and from GPS mode (GPS position as reference). These two modes yield similar results up to ∼1.1 m/s but diverge for higher water velocities. For higher water velocities significant bed motion is detected. This result can be used to correct measurements where GPS data are not available and that would otherwise be biased toward significantly lower water velocities. These data were generated from ∼24000 vertical velocity profiles (ensembles) acquired on the Ganga in 2008 and 2010.
respectively 84% and 90% of the sample volume is distributed) (Table 2) show a similar trend with depth, indicating the predominance of coarser particles near the river bed ( Figure 6 ). Grain size distributions are predominantly unimodal at the surface and tend to become bi-modal close to the riverbed. The fine fraction (<4 mm) reaches 20-30% (by volume) in surface samples and decreases to 6-10% in bottom sediments while the silt mode (4-63 mm) decreases from 60-70% to 30-40% close to the bottom. The sand fraction in sediments close to the bed reaches 60% but drops to 4-7% in surface sediments.
[25] Dredged sediments have an average D 50 of 222 (±38) mm with D 84 and D 90 reaching 314 (±39) and 358 (±44) mm respectively. They are mainly composed of fine to medium sand with clay (<4 mm) and silt (2-63 mm) fractions representing less than 0.2% and 2.5% of the total sample, respectively. The complete grain-size distribution of samples used in this study can be found in the auxiliary material (Table S2) .
Chemical Composition and Grain Size Relations
[26] The complete chemical composition for major and trace elements of samples used in this study is reported in the auxiliary material (Table S3 ). Sediments at Harding Bridge are dominated by three major elements: silicon (52 to 81 wt% SiO 2 ), aluminum (2 to 8 wt% Al 2 O 3 ) and iron (7 to 20 wt% Fe 2 O 3 ). Other major element concentrations vary from 3.6 (±0.8) wt% for CaO to less than 1wt% for MnO. Carbonate content of sediments is dominated by both calcite with 3.9 (±0.9) wt% and dolomite with 2.5 (±0.4) wt%, which account for respectively 80% and 28% of the total Ca and Mg content of the sediment. Most major elements show strong relations between grain-size and chemical composition ( Figure 7 ). Partitioning of chemical elements between grainsize classes in river and oceanic sediments has already been observed [e.g., Horowitz and Elrick, 1987; Vdović et al., 1991; Singh et al., 1999; Bouchez et al., 2011b] discriminable while higher grain size parameters such as D 90 were subject to higher uncertainty during sediment transport modeling and grain size analysis. Calcite and dolomite content, but also CaO and MnO, do not show any simple relation to sample grain size or sampling depth. The notable presence of carbonates dilutes the mono-elemental/grain-size relationships and introduces additional variability. Using elemental ratios such as Al/Si or Fe/Si, which are not affected by carbonate content, improves the overall relations ( Figure 7 ).
[27] Concerning trace elements in the suspended load: As, Ba, Bi, Co, Cr, Cs, Cu, Ga, Rb, V and Zn concentrations are negatively correlated to D 84 and higher in the suspended load compared to bed load samples. Be, Eu, Hf, Nb, Zr are enriched in the bed load and their concentration in the water The shear velocity u* was derived from u using (2). D 50 , D 84 and q s (suspended sediment flux) were derived for the studied vertical profiles. show a large sample-to-sample variability, suggesting that these elements are associated to dense minerals and affected by placer effects (see Garzanti et al. [2010 Garzanti et al. [ , 2011 for a mineralogical study of Ganga sediments).
[28] The relations between chemical composition and grain-size can be conceptually understood as the effect of the hydrodynamic conditions on sediment transport as particles are segregated based on their settling velocity. Turbulent settling predicts that the settling velocity increases with particle radius and density. The abundance of coarse particles, such as quartz or albite grains and, to a lesser extent, micas is diluting other minerals in the water column. This dilution is maximum close to the bottom where coarse-grained quartz concentration is maximum. This implies that bottom sediments are enriched in elements such as Si while surface sediments are enriched in Al, Fe and other elements carried in small or platy minerals such as micas or clays.
Sediment Composition Modeling
[29] To determine the chemical composition and flux of the sediments we use the strong correlation that exists between the grain size and chemical composition of Ganga sediments. Deriving the grain size of transported sediments requires prediction of the average flux of sediments in every grain-size class, Q s i . For this, the velocity field u(z, x, t) and the concentration of sediments in every grain size class C i (z, x, t) should be predicted and extrapolated spatially across the river channel (dx, dz) and temporally across the hydrograph (dt) over the studied period T, following equation (2):
The total average sediment flux Q t is simply derived by summing Q s i of every grain size class: The average chemical composition [X] and flux Q X for element X of the exported sediments is given by:
In the following we explore the possibility to use a fully predictive model as described by equation (3) and equation (4) to estimate the grain size composition of the Ganga sediments.
4.1. Vertical Particle Concentration 4.1.1. Rouse Model [30] Sediment transport and concentration profiles in open channel have been the focus of several decennia of extensive work using both theoretical approaches and flume experiments [e.g., Vanoni, 1946; Coleman, 1970; Mazumder, 1994; Muste and Patel, 1997; Cellino and Graf, 1999; Graf and Cellino, 2002; Mazumder et al., 2005, Mazumder and Ghoshal, 2006] . The variation of suspended sediment concentration with depth in large alluvial rivers has also been recognized for a long time and at the first order the concentration profile of sediments in a water column can be described by the Rouse equation [Rouse, 1950] :
with C i (z) being the concentration of the grain size class i at a height z above the bed, C 0 i the reference concentration of sediments in the grain size class i at the reference height z 0 above the bed. The Rouse number, Z R i , is defined as the ratio of the settling velocity, w s i and the bottom shear velocity u Zr * with being the von Karman constant (taken as 0.41 [Garcia, 2008] ) and b the ratio of sediment and water momentum diffusion coefficients, generally assumed to be 1 [e.g., Muste et al., 2005] .
[31] For each grain size class, Ganga concentration profiles are well described by the Rouse equation (5) (Figure 8) , which enables the prediction of the concentration over the full water column. For this study the reference height was taken as a fixed fraction of total water depth H (a = 0.001·H) while C 0 and Z r were adjusted to fit the concentration data. No general consensus exists in the literature about the reference height. The transition between bed load and suspended load covers a wide range of values from 3·D 90 [Smith and McLean, 1977] to 0.01·H [van Rijn, 1984a] . Sediment concentration of samples collected near the bottom (10 cm ∼ 0.01·H) did not exceed 6.5 g/l and were thus not considered as being part of the proper bed load flux.
[32] For all profiles, the Rouse number increases with grain size implying that coarse particles are strongly segregated and concentrated near the bottom while fine particles are distributed homogeneously through the water column. Near bottom concentrations also increase with grain size even though for several profiles (01/09/2008, 17/08/2007 and 23/07/2005 ) the maximum modeled concentration at the reference height is in the range of 150-250 mm, which corresponds to the average mode of bed load sediments.
b Factor and Grain Size
[33] Predicting the full sediment concentration profile from the Rouse equation (5) requires b and the fall velocity w s to be known. The fall velocity law derived by Dietrich [1982] is used for w s and b can then be computed as the ration u Zr * /u*, where u* is the shear velocity derived from ADCP measurements and u Zr * the shear velocity derived from fitting the Rouse profile to the available sediment samples. This shows that b is not constant over all grain sizes and does not equal 1 (Figure 9 ). It has long been recognized that the ratio of sediment and water momentum diffusion coefficients depends on w s /u*, which directly influences the value of b in river and channels [Nordin and Dempster, 1963; Coleman, 1970; Bennett et al., 1998; Graf and Cellino, 2002] . Deviations of b from unity have been inferred from experimental data [e.g., van Rijn, 1984b] (also represented in Figure 9 ), field measurements in the Mississippi River [Jordan, 1965; Scott and Stephens, 1966] and in the Amazon River [Bouchez et al., 2010] . Several reasons have been invoked. First, b is sensitive to the sediment settling velocity law used and the settling velocity may be overestimated in the case of flaky and fine grained sediments that are not well determined by diffraction grain size analyzers [McCave et al., 2006] . Second, Bouchez et al. [2011a] stressed the effect of particle aggregation on b in the Amazon River. Aggregation is typical of fresh water environments [e.g., Walling and Moorehead, 1989; Droppo and Ongley, 1994] and acts on settling velocities through changes in apparent size and density of the transported sediments. Because aggregates are disintegrated after collection [Phillips and Walling, 1995] , the computed w s and therefore b could be biased.
[34] The use of u* measurements along with a single surface sediment sample would theoretically be sufficient to predict the whole vertical profile using the Rouse model [Bouchez et al., 2011a] . We do not obtain, however, a single relation for b over the different sediment profiles, which might arise from our depth-sampling repositioning strategy or from the underlying assumptions that the Rouse equation is derived for an equilibrium profile where local erosion matches deposition, which might not always be the case in our profiles. Those systematic but temporally scattered deviations from unity prevent therefore to use, in this study, Figure 7 . Relation between chemical major element composition of sediments and grain size parameter D 84 . Concentration in major elements is primarily controlled by the grain size of the bulk sample. Regressions are improved by using normalized ratios such as Al/Si or Fe/Si (molar ratios) as these ratios exclude dilution by variable carbonate content. 
Instantaneous Sediment Fluxes and Grain Size 4.2.1. Suspended Load
[35] To circumvent the difficulties of predicting the Rouse profile in space and time, we consider in the following a more empirical approach, by analogy to classical sediment transport capacity expressions that are expressed as a function of u* or t 0 . The instantaneous sediment flux per width unit (q s i ) for every grain size class (i) through a vertical column can be computed from the water velocity profile and the sediment concentration obtained from fitting the Rouse profile equation (5) to the sampled column following equation (6):
where C i (z) is the concentration of grain size i at depth z, u(z) the velocity at depth z and H the water height. The computed D 50 and D 84 of the sediments transported through the water column are reported in Table 1 along with the total sediment flux and the associated shear velocities of the profile. Uncertainties in the predicted D 84 (D 50 ) and flux for a vertical profile were estimated as the average residual of the modeled and measured D 84 (D 50 ) and flux of each sample, respectively 11 and 12%.
[36] The deduced, grain size parameters and instantaneous total sediment fluxes are positively correlated to the local hydrodynamic conditions using a power law type of relation: q s = a · u* g (r > 0.9) (Figure 10 ). This relation holds also for individual grain size classes, q s i and friction velocity (Appendix A). High levels of hydraulic energy (high u*) are consistent with high-suspended sediment transport stages of coarser material. Samples collected during rising and falling water level stage do not deviate significantly from the trend defined by high flow samples suggesting a limited hysteresis effect and we assume that a single q s i = f(u*) relation is sufficient to describe sediment transport in the Ganga. This relation is used to build a predictive model for the sediment flux of a vertical water column, in every grain size class equation (7) that requires only knowledge of the friction velocity (u*) and can be integrated over the river crosssection (dx) and through the hydrograph (dt).
Bed Load Fluxes
[37] The precise determination of the amount of sediment mobilized as bed load has proven to be difficult and several studies have provided parameterizations of bed load fluxes [e.g., Garcia, 2008] . In this study, bed load fluxes (q b ) were estimated using a simplified formula for bed load transport, proposed by van Rijn [1984a Rijn [ , 1993 and recalibrated on natural sand-bed river bed load transport data sets [van Rijn, 2007] :
with u the depth average water velocity, u cr the depth averaged critical velocity deduced from the critical shear stress for initiation of motion using the Shields diagram and equation (1), H the water column height, R = (r s -r)/r the submerged specific gravity of the sediment and the coefficients " = 0.015 and h = 1.5.
[38] Instantaneous bed load fluxes calculated using this formulation range from 0.002 kg/m/s for the 08/07/2010 profile to 0.680 kg/m/s for the most energetic conditions of [39] This bed load to suspended load ratio is lower than that found in some other sandbed rivers where it may reach well over 30% [e.g., Abdel-Fattah et al., 2004; Turowski et al., 2010] . We emphasize that bed load fluxes found here are in the same order of magnitude as in other studies [e.g., Gaweesh and van Rijn, 1994; Abdel-Fattah et al., 2004] and the low q b /q s are thus essentially caused for the Ganga by high suspended sediment concentrations and integrated volumes over large water depth. This observation agrees with a general decreasing trend in q b /q s with increasing suspended load concentrations found in the data set compiled by Turowski et al. [2010] . However, our ratio cannot easily be extrapolated to the entire Ganga reach as the Harding Bridge section is a single-thread, relatively narrow channel compared to up and downstream sections. Flow acceleration may increase the bed shear velocity transferring a significant amount of sediments from bed load to suspended load transport.
Integration of Sediment Flux and Grain Size 4.3.1. Lateral Extrapolation of Sediment Fluxes and Grain-Size
[40] Using the ADCP channel transects we derived the local u* across the channel and computed the sediment flux and grain size according to equation (7) ADCP transects were performed (Table 3) . Total suspended fluxes reach over 7 Mt/day of coarse sediments during high flow but drop to less than 0.2 Mt/day of fine grained sediments when the water level drops by ca. 4 m. Integrated bed load fluxes represent less than 100 t/day for the 2010 section and reach 150 000 t/day during high flow as calculated for the 01/09/2008 section. Uncertainty in the modeled fluxes and grain size distributions was propagated from the uncertainty in the fitted power law between u* and q s i using a Monte Carlo approach.
Annual Integration of the Sediment Flux and Grain Size
[41] Variations in water level and discharge through the annual hydrological cycle of the Ganga govern sediment transport and have to be accounted for to compute average sediment flux and grain size over several years. In this model we use the measured hydrograph of the Ganga at Harding Bridge to predict first order variations in shear velocity in the river section and derive sediment fluxes and grain sizes.
[42] For a steady, turbulent, uniform, and open channel flow, the basal shear stress (t 0 ) is a function of water height (H) and the water energy slope (S -generally approximated by the water surface slope) following t 0 = rgHS. In many simplified settings, it is assumed that S is constant and equal to the regional slope. However, partial embankment and constriction upstream of the sampling site may affect the water surface slope of the Ganga at Harding Bridge.
[43] We estimate the local apparent energy slope, S, from the ADCP measurements using the local water depth H and the calculated u* of a vertical water column. An average energy slope of the channel was then calculated by averaging the local values of S over the central part of the channel (the lateral 100 to 200 m parts of the channel were not used). The average energy slope for the Ganga ranged from 2.4·10 −6 (±1.5·10 −6 ) the 08/07/2010 to 73·10 −6 (±17·10 −6 ) between the lowest and highest discharge sections measured (Figure 12 ). S is positively correlated (R 2 = 0.99) to the water level measured at the Harding Bridge gauging station and can be predicted at first order using a power law relation: S = 2.19 · 10 −15 · H 9.24 . The above relation is qualitatively consistent with direct measurements showing that the local slope is dependent on water discharge from 4·10 −5 during flood season to almost zero during lean season [Delft Hydraulics and Danish Hydraulics Institute, 1996] and with the average distal Ganga plain surface slope of 4·10 −5 [Singh et al., 2007] .
[44] Using the available river section bottom profiles it is then possible, using the empirical relation for the water surface slope to predict variations in u* with changing water level. These values of u* can then be used to extrapolate fluxes and grain size spatially for each water level of the hydrological cycle. Water level measured at Harding Bridge from 1980 to 2005 (station #90, FFWC and WARPO) was used to produce an average hydrograph of the Ganga (Table S4) .
[45] The model was run using the four available river section profiles of 2008 and 2010 as reference profiles and averaged ( Figure 13 ). High sediment transport rates of up to 5-6 Mt/day occur during peak flow whereas fluxes are almost negligible during non-monsoon. High transport rates are concomitant with coarse grain transport and D 50 , D 84 reaching 35 mm and 140 mm respectively. The 24 year averaged modeled suspended sediment flux of the Ganga is 390 (±30) Mt/yr, which is in reasonable agreement with previous studies (Table 4) . The modeled average D 50 and D 84 are respectively of 27 (±4) and 123 (±9) mm. Bed load fluxes, as formulated in the model, appear limited with 4 Mt/yr which is ca. 1% of the total sediment flux. As for the lateral integration, model uncertainties were estimated from Monte Carlo realizations. Figure 12 . Evolution of the local surface slope of the Ganga at Harding Bridge as a function of the gauged water high. The local slope is derived from the interpretation of ADCP measurements.
Grain Size-Chemical Inversion
[46] The integrated chemical composition of the Ganga is estimated from the modeled D 84 and the grain size -chemical compositions relations including bed load contribution (normalized to the Upper Continental Crust composition of McLennan [1985, 1995] in Figure 14) . For elements that do not show clear relationship with grain size (marked with an asterisk in Figure 14) , the chemical composition reported here is derived from the simple average of all available samples. Detailed results for all elements are reported in Table 5 .
[47] The integrated composition of Ganga sediments modeled in this work: SiO 2 = 66.91 wt% (±1.03), Al 2 O 3 = 12.33 wt% (±0.41), Fe 2 O 3 = 4.75 wt% (±0.20) is characterized by relatively high Si concentrations. Using this integrated composition, we estimate that the Ganga delivers annually 4.4·10 12 , 9.6·10 11 and 2.4·10 11 mol of particulate Si, Al and Fe further downstream. Compared to the composition of surface suspended sediments, the integrated Ganga sediments are enriched in Si by 20% and depleted in Al, Fe by 27% and 30% respectively. Carbonates represent only 2 to 4%wt in our samples and cannot explain the depletion observed for Al and Fe. For other elements the composition of the integrated Ganga and surface sediments is also significantly different by up to 120% for Cd. This highlights that sorting effects have to be taken into account to derive reliable river sediment compositions and that a strong bias is introduced by analyzing surface samples only.
Implication for Himalayan Geochemical Budget of Erosion
[48] The flux of sediment calculated at Harding Bridge represents the major part of the modern Himalayan erosion flux but the Gangetic plain is the geomorphic evidence that part of the sedimentary flux is stored upstream of Bangladesh. Because sediments deposited in the floodplain are enriched in quartz relative to suspended sediments, geochemical mass balance allows this flux, hence the total flux of erosion in the Himalaya, to be constrained. This approach was followed by Galy and France-Lanord [2001] using suspended sediment compositions essentially derived from sediments sampled at the surface, hence much more aluminous than modeled in this study. Here, we revisit this budget with a Ganga sediment composition that is better constrained.
Floodplain Sequestration
[49] Figure 15 shows the chemical composition of the sediment flux at Harding Bridge compared with that of surface suspended load, UCC, the estimated Himalayan crust [Galy and France-Lanord, 2001 ], suspended and bed sediments of the Ganga, and Siwaliks for immobile elemental ratios Al/Si and Fe/Si. The integrated sediment composition of the Ganga is only slightly differentiated compared to the average composition of the Himalayan crust. The Himalayan crust composition of Galy and France-Lanord [2001] , is also very close to the average composition of suspended sediments sampled at the Himalayan outflow of Ganga, Karnali, and Narayani Rivers (Table S6 ). These dept samplings have been realized during peak flow at the center of the channel and very high turbulence prevents major differentiation in the water column, therefore the weighted average composition, unlike the Ganga in Bangladesh, likely approximates the average composition of the material exported from the Himalaya.
[50] The composition of the sediments stored in the floodplain is approximated by (1) the average composition of Siwaliks sediments from two sections from Nepal (Table S7) and, (2) the average composition of bed sediments, either dredged at the bottom of river channels during the monsoon or sampled in the river bed during dry season all over the Ganga floodplain (Table S8) . Floodplain bed loads and Siwaliks sediments have comparable Al/Si and Fe/Si ratios even though absolute Si, Al and Fe concentrations of the later are lower due to high carbonate content in Siwaliks rocks. Floodplain sediments may also store significant amounts of fine-grained material with higher Al/Si ratios [Tripathi et al., 2007] , which might lead to slight underestimation of the sequestered flux.
[51] Using the average chemical compositions of the different end-members of the Ganga system, we attempt to estimate the flux of sediments stored in the floodplain. This approach relies on the hypothesis that, at steady state, for any element the flux produced by Himalayan erosion must balance the sum of the corresponding elementary fluxes: sediments and solutes exported out of the basin plus sediments stored in the floodplain [Gaillardet et al., 1997; Galy and France-Lanord, 2001] . We derive the relative fluxes by solving a chemical mass balance for element X (Si, Al, and Fe) using compositions of the Himalayan bedrock (Him), the dissolved fluxes (Diss), the integrated transported sediments (ITS), and the floodplain sediments (FloodP).
We calculate F FloodP using equation (9) [52] Over the floodplain area (ca. 350 000 km 2 ), the calculated sequestration flux implies sedimentation rates of 0.08 (±0.19) mm/yr (for an average upper soil density in Bangladesh of 1500 kg/m 3 [FAO, 1971] ). The large uncertainty does not exclude net erosion in the modern floodplain even if this is unlikely at the scale of the entire Ganga floodplain [Sinha et al., 2005] . Inferred sequestration fluxes are of the same order as local measured Holocene subsidence rates that span from 0.05 up to 1.5 mm/yr [Joshi and Bhartiya, 1991; Sinha, 1996; Chandra et al., 2007] . From sediment volume reconstructions, Métivier et al. [1999] show that an amount equivalent to about 6% of the flux delivered to the Bay of Bengal is stored in the Ganga basin over the last 2 Ma.
Erosion Rate of the Himalayan Sub-Basin
[53] Assessing the actual Himalayan erosion rate requires summing the different fluxes involved. The net chemical erosion flux occurring as dissolved load, in the Ganga basin is limited to ca. 48 Mt/yr . Furthermore, non-Himalayan tributaries draining the Southern part of the Ganga basin were not accounted for. According to Sr, Nd and Os isotopic signatures, the sediment flux associated to these rivers does not exceed 5% of the whole Ganga sediment flux [Singh et al., 2008; Paul, 2008] . But, part of the total Ganga flux is diverted into the Hooghly before Harding Bridge. According to Mukhopadhyay et al. [2006] , the water discharge of the Hooghly represents less than 10% of the discharge at Harding Bridge. We therefore speculate that the sediment flux delivered by the nonHimalayan tributaries counterbalances the flux of sediments diverted into the Hooghly and that theses fluxes do not alter significantly our estimate of Himalayan erosion.
[54] Summing the physical and dissolved fluxes results in a total mass flux exported by the Himalaya of 485 (±112) Mt/yr. Rescaled to the Himalayan area of the Ganga basin (ca. 210 000 km 2 ) this translates into an average erosion rate of the bedrock of 0.9 (±0.3) mm/yr (assuming a density of 2700 kg/m 3 ). These estimates are on the lower end of typical Figure 14 . Chemical composition of integrated Ganga sediments modeled in this study (red) and Ganga surface sediments only (gray), normalized to the Upper Continental Crust (UCC) as defined by McLennan [1985, 1995] . The integrated chemical composition was derived from the average D 84 of the Ganga sediments using the chemical composition -D 84 relationships observed (e.g., Figure 7 ) or the average of all available sediments when no correlation with D 84 is found (elements marked with an asterisk). Ganga surface sediments normalized to UCC are plotted in gray diamonds with dashed line for comparison with integrated Ganga sediments. McLennan [1985, 1995] . Details and uncertainty are reported in Table S5 . Elements for which no relation with grain size was found and that could not be modeled are marked by an asterisk; the estimate of average composition is derived from the average of all available data.
contemporaneous Himalayan erosion rates (1-3 mm/yr) derived from different methods and studies [e.g., Brunsden et al., 1981; Delcaillau, 1992; Sinha and Friend, 1994; Lavé and Avouac, 2001; Burbank et al., 2003; Vance et al., 2003; Garzanti et al., 2007; Gabet et al., 2008] but, unlike other studies, it represents an integration of Himalayan erosion over a broad segment of the Himalayan range.
Conclusion
[55] Large rivers are often studied for their ability to deliver an integrated signal of the surface processes operating in their basin. Nevertheless, the interpretation and use of the sediment signal is often hampered by the spatial and temporal variability observed within rivers. Better constraining the chemical composition of the exported sediments is a step toward a better understanding of the redistribution of elements across the earth's surface by allowing us to make continental scale chemical budgets. This work stresses the need to carefully address the chemical composition of sediments in large rivers to resolve basin scale processes. For this purpose, samplings limited to surface sediments are not representative of the integrated flux and should be used with caution, as they are likely systematically biased.
[56] In the Ganga River, the sediment concentration profiles are well explained by a Rouse type equation, which allows us to estimate the instantaneous sediment flux and average grain size of a river water column. These parameters are correlated to the local hydraulic energy of the flow expressed as the bottom shear velocity. This empirical relation is used to further extrapolate sediment fluxes and grain size laterally across the river channel and finally, using the recorded hydrograph, over the whole hydrological year. Ganga sediments chemical compositions are strongly correlated to the grain size parameter D 84 that was determined from the integrated fluxes. Using the model output the estimated flux of Si, Al and Fe to the oceans is respectively 4.4·10 12 , 9.6·10 11 and 2.4·10 11 mol/yr for the Ganga. The total modeled solid flux of ca. 400 Mt/yr is in agreement with previous studies. While the sediment flux calculated using this approach appears to be realistic, the calculated chemical composition is much more silica rich than previously reported for suspended sediment of the Ganga. This is due to the fact that high concentrations of coarse, siliceous material are carried in the deeper layers, which is generally not documented in large rivers.
[57] The comparison of the Ganga sediment chemistry with Himalayan crust and floodplain chemical composition end-members shows that approximately 10% of the initial sediments produced by Himalayan erosion are currently deposited in the plain. The Ganga basin is thus largely bypassed by the Himalayan sediments and the limited difference between the chemical composition of Ganga sediments and the Himalayan crust is evidence that the floodplain does not have a major influence on the exported sediments in terms of immobile elements even though this may have been varying during the Quaternary as a response to strong climate shifts. McLennan [1985, 1995] and Rudnick and Gao [2003] .
To complete and compare the fluxes calculated by van Rijn [1984a Rijn [ , 1993 Rijn [ , 2007 (equation (8) where the dimensionless shear stress t* = t/rgRD with g the acceleration of gravity, R = (r s -r)/r the submerged specific gravity of the sediment, r s and r the sediment and water density, D the grain-size of the considered material (here the average D 50 of all available bed loads) and t cr * is determined from the Shields diagram. Instantaneous bed load fluxes for the available water column profiles were calculated and results can be found in Table C1 . All bed load flux relation predict fluxes that are of the same order of magnitude as the relation of van Rijn [1984a Rijn [ , 1993 Rijn [ , 2007 , equation (10) , used in this work. Equation (C4) yields the highest bed load fluxes with up to 1.6 kg/m/s for profile 17/09/2007, which is ca. 2.5 times higher than the van Rijn relation. All relations agree on the fact that bed load flux represents less than 5% of the suspended load flux. Figure A1 . Detailed map of sample location, downstream of Harding Bridge on the Ganga.
[62] Spatial and temporal extrapolation of the bed load flux across the channel and during the hydrological cycle yields 3 Mt/yr for (C2), 10 Mt/yr for (C3) and 9 Mt/yr for (C4) which should be compared to the 4 Mt/yr flux derived from the van Rijn relation (10) and the modeled 390 Mt/yr of suspendedload flux.
Appendix D: Geochemical Budget
[63] The chemical budget (12) can be written for all three immobile elements Si, Al and Fe. Combining these equations for Si and Al on one hand and Si and Fe on the other hand to eliminate F Him , yields (D1) and (D2) and two estimates of F FloodP [Galy and France-Lanord, 2001 Figure B1 . Regression parameters a and g obtained from fitting instantaneous sediment fluxes in every grain size class (q s i ) as a function of u* and associated R 2 regression statistic. a and g were used to predict q s i from u* for both spatial and temporal extrapolation of sediment flux and grain size. Table D1 .
[64] Solving (D1) and (D2) for F FloodP yields respectively: 3.9 (±136) Mt and 123 (±177) Mt of stored sediments with the Siwaliks and the Himalayan crust composition as endmembers. Combining both estimates and uncertainties yields an estimate of total sequestration of 43 Mt (±97), which represents 10% of the total Himalayan erosion flux.
[65] Even if the absolute concentration of SiO 2 , Al 2 O 3 and Fe 2 O 3 in both floodplain end-members, the Siwaliks and the Ganga plain bed loads, is different due to variable carbonate content, the Al/Si and Fe/Si ratios are identical. The use of Ganga plain bed load sediments as floodplain end-member yields similar results within uncertainty (45 ± 88 Mt) compared to the Siwaliks end-member used above. Similarly the chemical composition of the Himalayan crust and Himalayan-front Rivers is very similar and has only a minor influence on the sequestration flux computed from (D1) and (D2) (68 ± 78 Mt). This stability gives us confidence in the values used as end-members.
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